Background--Predicting which patients are unlikely to benefit from continuous flow left ventricular assist device (LVAD) treatment is crucial for the identification of appropriate patients. Previously developed scoring systems are limited to past eras of device or restricted to specific devices. Our objective was to create a risk model for patients treated with continuous flow LVAD based on the preimplant variables.
M echanical assist devices have emerged as an established therapeutic option for patients with end-stage heart failure. 1 Predicting which patients are unlikely to benefit from left ventricular assist device (LVAD) implantation is essential in order to identify appropriate patients while excluding those considered futile. The need for risk prediction before LVAD implantation has led to the recognition of various risk factors, including age, low serum albumin, low platelet count, impaired renal function, and high international normalized ratio, 2, 3 and to the development of several risk scores for short-term (90 days) mortality. 2, 3 Lietz et al 2 retrospectively
analyzed preoperative clinical data of patients treated with pulsatile LVAD (HeartMate XVE) as destination therapy and evaluated a risk scoring system consisting of 9 risk factors for estimation of 90-day mortality. 3 Cowger et al generated the
HeartMate II Risk Score (HMRS) for predicting LVAD candidate 90-day mortality. 3 Although the HeartMate II Risk Score was originally created to predict 90-day survival, it was also found to predict risk several months after LVAD implant. 3 Although the importance of risk profile is clear, there is currently no validated risk score estimating the long-term survival of continuous flow LVAD (cf-LVAD) patients. Our goal was to create a risk model predicting the long-term survival of LVAD patients based on the patients' preimplant characteristics.
Methods Study Design
A derivation sample was selected from a single-center retrospective cohort of all 571 patients implanted with an LVAD at the Hospital of the University of Pennsylvania from 2006 to 2014. Within this cohort, we analyzed only those patients who were implanted with a cf-LVAD (n=223), which included Heartmate II (St Jude Medical Ltd, St. Paul, MN) and HVAD (HeartWare Ltd, Framingham, MA) models. We excluded all patients who were simultaneously implanted with a right ventricular assist device (n=13), leaving a final study sample of 210 patients.
A validation sample was then similarly constructed retrospectively from an independent set of 260 patients who underwent LVAD implantation at Columbia University's New York-Presbyterian Hospital from 2006 to 2013. Patients in the validation cohort were similarly excluded for simultaneous RVAD implantation and restricted to cf-LVADs.
Cumulative survival within 1 year after LVAD implantation was the primary outcome. Patients who underwent heart transplant before 1 year contributed person-time at risk up to the time of transplant, but were afterward right censored from all analyses. The institutional review board of both institutions approved the study protocol.
Subjects' informed consent was waived. The de-identified data, analytical methods, and study materials that support the findings of this study are available from the corresponding author upon reasonable request.
Statistical Analysis
The derivation data set contained data from 155 independent clinical variables (Table S1 ). Among these, 17 variables had a plausible influence on 1-year mortality and <25% missing data. Parameters were either continuous (eg, platelet count), ordinal (eg, level of right ventricular dysfunction), dichotomous (eg, diabetic or not diabetic), or categorical (eg, race). Body mass index (BMI) was a continuous variable treated as a spline term for BMI <20, 20 to 25, or >25. Right ventricular dysfunction, aortic insufficiency, mitral regurgitation, and tricuspid regurgitation were assessed at the University of Pennsylvania Echocardiography laboratory as absent, mild, moderate, or severe.
Each of these variables was tested for its univariate association with 1-year mortality in a Cox proportional hazard regression and was dropped from the initial model for P>0.2. Remaining variables were entered into a multivariate Cox proportional hazard model and eliminated for P>0.2. From this baseline model, we applied step-wise forward selection of any variables that improved model explanatory power based on area under the curve (AUC, assessed by Harrel's C-Index) 4 
Score Generation and Survival Analysis
Each independent variable in the final model had an associated hazard ratio from the Cox proportional hazard
Clinical Perspective
What Is New?
• Previously developed scoring systems are limited to past eras of device or restricted to specific devices, and there are currently no validated long-term risk models for this population.
• In this study, we aimed to generate a long-term risk model for patients undergoing ventricular assist device implantation.
• In this retrospective analysis, we analyzed various parameters at preimplant and created a risk model for long-term mortality. • The risk score was then validated in a separated patient cohort at Columbia University.
• An online calculator was created for easier application of the formula (http://penncolumbiariskscore.weebly.com)
What Are the Clinical Implications?
• Our novel and simple risk model for prediction of long-term mortality based on preimplant characteristics may improve patient selection and will allow identifying high-risk patients.
regression. These ratios were log transformed to a linear scale and then directly imported into a novel score that added each individual component, thereby weighting the relative importance of each contributing covariate by its hazard ratio.
Patients were divided into tertiles of risk score that corresponded to a "lowest risk," "moderate risk," and "highest risk" group. Cumulative survival between these 3 groups was assessed up to 1 year after LVAD implantation using KaplanMeier analysis, again right censoring for any patients that were heart transplanted before the 1-year mark. Differences in the distribution of survival between the 3 tertiles were assessed with the log-rank test.
Model Validation
This novel risk score was then applied to all patients within the validation cohort at Columbia University Medical Center for an independent assessment of score performance. Model fit was assessed with the AUC, and cumulative survival distributions between tertiles of risk score were assessed with Kaplan-Meier analysis and the log-rank test.
Results

Model Derivation and Score Generation
A total of 210 patients were included in our derivation cohort who underwent implantation of a continuous flow LVAD without concurrent right ventricular assist device. One hundred eighty-two of these devices were Heartmate II (87%) and 28 were HVAD HeartWare (13%). Seventy percent of the patients were male, 48% white, and 20% black, with average age 56 at time of implant. Initial indications for LVAD were bridge to transplant (37%), bridge to decision (8%), destination therapy (52%), or bridge to recovery (3%). One-year mortality among all LVAD patients who did not undergo heart transplant was 29%. Table 1 summarizes the baseline characteristics of the study cohort at the University of Pennsylvania and the validation cohort at Columbia University Medical Center. Exploratory analysis starting with 17 plausible covariates demonstrated 7 variables associated with mortality (P<0.2) in Cox proportional hazard models ( Table 2 ). All 7 of these variables were then assessed for significance in a multivariate Cox proportional hazard model. Two variables, age and serum creatinine, retained significance (P<0.2) in the multivariate model and formed our base model (Table 3) .
From this base model, we performed step-wise forward selection with each of the previous 17 covariates, assessing the impact of each variable on 2 measures of model explanatory power: AIC and AUC. An additional 4 variables (BMI, total serum bilirubin, right ventricular dysfunction, and aortic insufficiency) were found to improve AUC without detriment to AIC, and they were added to the base model. Thus, the final model included: age, serum creatinine, and total bilirubin assessed as continuous variables; BMI as a spline variable for low BMI (<20), normal BMI (20 to 25), and elevated BMI (>25); and 2 echocardiographic parametersright ventricular dysfunction and aortic insufficiencyassessed as mild, moderate, or severe. The final model had an AIC of 437 and an AUC of 73%. No covariates had significant interactions with one another in the final model.
From this final multivariable model, we generated a novel score directly extracted from the model's log-transformed hazard ratios (Figure 1 ). This ensured that scores would be proportional to their weight in the model. An online calculator was created for easier application of the formula (http://pe nncolumbiariskscore.weebly.com). In our cohort, scores had a range of 1.8 to 10.1, mean 5.9AE1.35, and median 6.0 (Figure 2) . Stratified by indication, the score among patients who were bridge to transplant had range 1.7 to 8.4, mean 5.8, and median 6.0; patients who were destination therapy had range 3.3 to 10.1, mean 6.3, and median 6.3; patients who were bridge to recovery had range 2.4 to 7.3, mean 5.1, and median 5.4; and patients who were bridge to decision had range 3.3 to 6.9, mean 5.4, and median 5.5. Destination Figure 3 shows the cumulative survival curve using the novel risk score. Patients were divided into tertiles of risk score, making a low risk (2.50-5.95), medium risk (5.96-6.74), and high risk (6.75-10.10) group. As seen in the graph, 1-year mortality was significantly increased in the highest risk group (50%) relative to the low-(21%) and medium-risk (23%) groups.
Survival Analysis
The log-rank test comparing survival distributions among the 3 groups was statistically significant with P<0.001. Risk score was not associated with LVAD-associated complications occurring during the first year after implantation, such as acute right ventricular failure, LVAD thrombosis, or gastrointestinal bleeding.
Model validation
The novel risk score derived from the LVAD cohort at the University of Pennsylvania was then applied to LVAD cohort from Columbia University Medical Center. Again, mortality in the highest risk group was greater than the low-or mediumrisk groups with P=0.02 by the log rank test (Figure 4 ).
Discussion
According to the seventh annual report of the INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support), 1 the number of patients treated with continuous flow ventricular assist device continue to rise, with more than 2000 implants per year occurring in the United States alone. 1 With the increasing number of patients treated with durable assist device therapy, patient selection is essential to determine which patients will benefit from this therapy. In the current study, we generated a novel risk score, based on a combination of preimplant clinical, laboratory, and echocardiographic characteristics, identifying patients at high risk of 1-year mortality with cf-LVAD support. Importantly, our risk model was validated at Columbia University Medical Center in a similar patient cohort.
All risk scores published so far focused on the short-term survival (ie, 90-day mortality).
2,3 The Lietz risk score 2 was the first risk score to predict the short-term outcomes of patients treated with first-generation, pulsatile flow, ventricular assist devices. 2 Given that the vast majority of the patients on LVAD support are currently being treated with second-and thirdgeneration continuous flow devices and these devices have different outcome profile compared to the first-generation devices, the Lietz's risk score should not be used in the current practice. The HeartMate II risk score used the data that were collected in the HeartMate II trial. 3 It was originally planned to predict the 90-day survival of patients with HeartMate II assist device. Based on this risk score, patients were divided into 3 groups based on 90-day mortality rate: low risk with 4%, medium risk with 16%, and high risk with 29%. 3 Interestingly, the differences between the groups remained significant after a year. 3 Thomas et al tried to validate the HMRS in a cohort of patients treated at the Columbia University Medical Center. 6 However, according to their findings, patient survival was similar regardless of HMRS stratification and HMRS was not valid in predicting 90-day survival in this large-volume academic center. 6 Small cohorts validated the use of the Seattle Heart Failure model 7 and the European System for Cardiac Operative Risk Evaluation II (EuroSCORE II) 8 as predictors of survival in LVAD candidates.
Most variables used in our risk model have been proven to be associated with poor outcomes. Atluri et al analyzed the INTERMACS national registry and divided the patients into 2 age groups (<70 and ≥70 years). Not surprisingly, advanced age was found to be a predictor of increased mortality after cf-LVAD implantation. 9 Age was also found to be a significant predictor both in the Lietz 2 as well in the HeartMate II risk scores. 3 Creatinine was significant in the HeartMate II model, but not in Lietz risk score, and bilirubin was not significant in 10 According to their results, postimplant development of AI did not affect survival or the risk of mitral regurgitation. 10 Our study is the first to show that preimplant AI may affect long-term survival. Right ventricular function has been associated with increased risk of postimplant acute right ventricular failure and impaired survival. 11 However, no risk model in the past had used preimplant right ventricular dysfunction as a parameter. Our risk score is the first to predict long-term outcome in patients treated both with HeartMate II and HeartWare devices. The main limitation of our model is being a retrospective single-center trial. However, validating the model in another large-volume academic center, with different patient characteristics, allows us to confidently assume that this is an accurate tool for prediction of long-term survival of this population. Moreover, our model, unlike the HeartMate II risk model, evaluates patients' not on clinical trials and represents the "real-life" management of LVAD patients. Another advantage of our risk model is in its simplicity given that it uses basic clinical and echocardiographic parameters that can be estimated by every local cardiologist. Needless to say, as a retrospective analysis it is always possible that the risk-score variables actually reflect more-proximal causes of increased risk that are not as easily measured such as duration of heart failure. However, our risk score variables are absolute and can be easily obtained for every candidate. As such, our risk score is an important bedside tool that is well validated to aid in-but not replace-clinical judgment for patients being considered for LVAD implantation. It is likely that the "PENN-COLUMBIA risk score" could be applied to the INTERMACS registry, but currently not applicable based on the variables entered. Enhanced data collection and risk assessment is desirable.
In conclusion, we present a novel and validated risk model predicting the long-term survival of LVAD patients based on patients' preimplant characteristics. Predicting which patients are at high risk may improve patients' selection on the one hand and allow closer follow-up of patients at increased risk for unfavorable outcome.
